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The Structural Basis for Catalysis
and Specificity of the Pseudomonas
cellulosa -Glucuronidase, GlcA67A
polymer by-1,3 and/or-1,2 glycosidic bonds. Further-
more, many of the 2 and 3 hydroxyls of the xylosyl
moieties may also be acetylated, while ferulate cross-
links bridge xylans to other plant polymers [1]. The reper-
toire of enzymes required for hydrolysis of xylan reflects
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Heslington, York YO10 5DD this complexity; the xylan backbone is hydrolyzed by
2 Department of Biological and endo-1,4-xylanases while the “side chains” are removed
Nutritional Sciences by a combination of different glycoside hydrolases and
The University of Newcastle upon Tyne carbohydrate esterases, including arabinofuranosidases,
Newcastle upon Tyne NE1 7RU acetyl-xylan, and ferulate esterases [2], and-glucuroni-
United Kingdom dases (Figure 1). While the endoxylanases have bene-
fited from extensive structural and mechanistic investi-
gation (see, for example [3–5]), the accessory enzymes
Summary have received less attention.
Recently, a number of genes encoding -glucuroni-
-glucuronidases, components of an ensemble of en- dases have been described and the encoded enzymes
zymes central to the recycling of photosynthetic bio- assigned into a novel glycoside hydrolase (GH) family,
mass, remove the -1,2 linked 4-O-methyl glucuronic GH67, in the Henrissat classification of carbohydrate-
acid from xylans. The structure of the -glucuronidase, active enzymes (see http://afmb.cnrs-mrs.fr/cazy/
GlcA67A, from Pseudomonas cellulosa reveals three CAZY/index.html [6, 7] and for review, [8]). These en-
domains, the central of which is a (/)8 barrel housing zymes perform hydrolysis of the glycosidic bond, with
the catalytic apparatus. Complexes of the enzyme with inversion of anomeric configuration liberating the
the individual reaction products, either xylobiose or -anomer of 4-O methylglucuronic acid as the reaction
glucuronic acid, and the ternary complex of both product [9]. An intriguing feature of this enzyme family
glucuronic acid and xylotriose reveal a “blind” pocket is that the preferred substrate is not invariant, with some
which selects for short decorated xylooligosaccha- enzymes favoring polymeric xylans and others dis-
rides substituted with the uronic acid at their nonre- playing specificity for short xylooligosaccharides. En-
ducing end, consistent with kinetic data. The catalytic zymes from some fungi, which may consequently be
center reveals a constellation of carboxylates; Glu292
extracellular, release 4-O-methyl glucuronic acid from
is poised to provide protonic assistance to leaving
decorated xylan polymers [10, 11], while the majority of
group departure with Glu393 and Asp365 both appro-
microbial -glucuronidases appear to act only on short
priately positioned to provide base-catalyzed assis-
substituted xylooligosaccharides and are generally ei-tance for inverting nucleophilic attack by water.
ther intracellular or membrane associated [12–14].
Pseudomonas cellulosa is an efficient xylan-degrad-Introduction
ing organism possessing at least six xylanases belong-
ing to families GH10 and GH11, a GH51 nonspecificMicrobial hydrolysis of the plant cell wall requires an
arabinofuranosidase, a GH62 xylan-specific arabinofur-ensemble of different enzymes working in concert. This
anosidase, and a xylan esterase from carbohydrate es-reflects both the chemical complexity of the wall and
terase family 1 [15–20]. The gene encoding the P. cellu-its structural recalcitrance: an intermeshed structure
losa family GH67 -glucuronidase has recently beencomposed of an array of different polysaccharides inter-
isolated and the protein, GlcA67A, expressed as a (His)10-acting with each other through an extended hydrogen
thioredoxin fusion protein [14]. Here we present the en-bond network. Several key biological processes, such
zymatic characterization of the enzyme, showing it toas the carbon cycle, herbivore nutrition, and the invasion
be active only on xylooligosaccharides decorated at theof phytopathogenic microorganisms into plant tissue,
nonreducing end with glucuronic acid. The structure ofinvolve the complete or partial hydrolysis of the plant
the native enzyme has been determined, using single-cell wall and thus depend on the action of a battery of
wavelength anomalous dispersion methods, at 1.5 A˚microbial hydrolytic enzymes.
resolution. Binary ligand complexes of GlcA67A, withThe alkali-soluble polysaccharides derived from the
either xylobiose or glucuronic acid, together with a ter-plant cell wall are collectively referred to as “hemicellu-
nary complex of both glucuronic acid and xylotriose,loses.” Xylan, whose backbone is a-1,4-linked polymer
not only unveil the catalytic machinery, poised for anof D-xylopyranosides, is the most abundant hemicellu-
inverting single-displacement reaction, but also reveallose in most plant tissues. This linear polymer is further
the topographical basis for the oligosaccharide specific-decorated with sugar moieties that include 4-O-methyl-
ity of the enzyme.D-glucuronic acid, linked -1,2 to the xylan chain, and
L-arabinofuranosides that are attached to the xylose
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Figure 1. A Schematic Representation of the
Substrate Xylan and the Consortia of En-
zymes Required for the Degradation of This
Heterogeneous Substrate
Results and Discussion b  74.7 A˚, c  87.6 A˚,   115.2,   93.1, and  
109.3, with two molecules of GlcA67A in the asymmetric
unit. Our attempts to collect multiple-wavelength anom-Expression of GlcA67A in E. coli and Biochemical
alous dispersion data in the low symmetry space groupProperties of the Recombinant Enzyme
P1, with appropriate quality yet at the same timeGlcA67A was expressed as a (His)10-thioredoxin fusion
sufficient redundancy, were unsuccessful. The nativeprotein [14] from which intact GlcA67A was released
GlcA67A structure was, therefore, solved using a combi-with enterokinase to generate a protein of approximate
nation of high-multiplicity single-wavelength anomalousMr 77,000 (as judged by SDS-PAGE), consistent with the
dispersion (SAD) data from a selenomethione-derivedpredicted size of mature GlcA67A (80776) deduced from
protein and single isomorphous replacement anoma-the translated sequence of glc67A. In contrast, gel filtra-
lous scattering (SIRAS) phasing. Selenium sites couldtion showed that the -glucuronidase had a Mr 150,000
only be found using anomalous differences from thein solution (data not shown), indicating that the protein
SAD data, but SIRAS phasing utilizing the 1.48 A˚ nativeexists as a biological dimer, a feature common in those
data was required to obtain a map of high quality. Thefamily GH67 enzymes that have been characterised [12,
final native structure (Figure 2) corresponds to residues13, 21]. GlcA67A released 4-O-methyl glucuronic acid
5–712 of the 712 amino acids of the mature GlcA67A.from the small soluble oligosaccharide substrates, al-
Data collection and final refinement statistics are givendobiouronic, aldotriouronic, aldotetraouronic, and aldo-
in Table 2.pentaouronic, acids with similar catalytic efficiencies
GlcA67A is a dimeric protein. Each monomer consists(Table 1). These kinetic parameters are similar to that
of three domains, with a small helical segment at theobserved for other microbial -glucuronidases [13, 21].
C terminus forming part of the dimer interface to pro-The P. cellulosa enzyme does not release 4-O-methyl-
duce the butterfly-shaped dimeric structure (Figure 2).glucuronic acid from glucuronoxylan. Preincubation of
The N-terminal domain (residues 5–151) forms a two-glucuronoxylan with an endo-acting xylanase (P. cellu-
layer  sandwich, each layer being formed by a  sheetlosa Xyn10A), however, resulted in the production of
of five strands. A further two helices (39–58 and 120–138)short xylooligosaccharides substituted at their nonre-
ducing end with glucuronic acid (data not shown) that form part of the interface with the central, catalytic,
were indeed substrates for GlcA67A, mimicking the in module. The N-terminal domain shows high structural
vivo synergy displayed by these enzymes. In all the similarity with a domain of unknown function observed
characterized glucuronoxylooligosaccharides that are in family 20 glycoside hydrolases. Indeed, the equivalent
substrates for GlcA67A, the 4-O-methyl-glucuronic acid N-terminal domains of both the family 20 -N-acetyl
is linked only to the nonreducing end of the xylooligosac- hexosaminidase (1hp4, 107 C positions with rmsd
charide, demanding a strict “exo” activity for the en- 2.6 A˚, 16% identity based upon structural overlap) and
zyme. The length of the xylooligosaccharide has little the S. marcescens family 20 chitobiase (1qba, 94 equiva-
influence on catalytic efficiency. In order to investigate lent C atoms with rmsd 2.8 A˚ and 22% identity) are
this specificity further, the three-dimensional structure the top two structural equivalents found using structural
of GlcA67A was determined. similarity search algorithms [22].
The central domain (residues 152–473) is a classical
(/)8 barrel whose catalytic center is located on theStructure Determination and Comparison
with Related Structures opposite, “C-terminal” side of the barrel to the N-ter-
minal domain. The central (/)8 barrel domain is similarCrystals of the P. cellulosa GlcA67A belong to triclinic
space group P1 with unit cell dimensions a  69.9 A˚, to that observed in many proteins, but it is intriguing
Table 1. Kinetic Parameters of Wild-Type GlcA67A
Substrate kcat (s1) Km (mM) kcat/Km (s1 mM1)
Aldobiouronic acid 69.2  3.1 0.53  0.08 131
Aldotriouronic acid 96.0  8.1 0.28  0.05 343
Aldotetraouronic acid 102.5  4.4 0.36  0.04 286
Aldopentaouronic acid 131.9  20.3 0.42  0.12 314
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Figure 2. Three-Dimensional Structure of the
Pseudomonas cellulosa -Glucuronidase,
GlcA67A, in Divergent Stereo
The dimer is shown, with one monomer col-
ored according to domain (N-terminal do-
main, blue; central [/]8 catalytic domain,
green; C-terminal helical domain, red) and
the second monomer in gray. The catalytic
carboxylates are shown in ball-and-stick
representation with an arrow indicating the
active center cavity of one monomer. This
figure was drawn with MOLSCRIPT [45] and
BOBSCRIPT [46].
that the top seven hits in a structural similarity search enzymes, working on -D-linked substrates and utilizing
a substrate-participation mechanism [24, 25], whereaswith DALI [22] are all glycoside hydrolases involved in
the degradation of di, oligo, or polysaccharides. This GH67 enzymes cleave -D substrates with inversion of
anomeric configuration and employ only enzyme-derivedimplies a common but distant evolutionary ancestor for
these proteins, followed by their evolutionary diver- catalytic functions.
The remaining, C-terminal domain (residues 474–712)gence; the substrates, the stereochemistry, and even
the mechanism of hydrolysis are not conserved between is mainly -helical. It wraps around the catalytic domain,
making additional interactions both with the N-terminalthese enzymes. An apparent evolutionary link between
superficially unrelated enzymes each utilizing different domain of its parent monomer and also forming the
majority of the dimer-surface with the equivalent C-ter-mechanisms was first commented upon by Pickersgill
and colleagues with their comparison of -amylases minal domain of the other monomer of the dimer. The
first helix (residues 476–489) is located in the cleft be-with family 5 and 10 cellulases and xylanases [23]. The
closest structural match for the catalytic domain of tween the catalytic and the N-terminal domains and
points toward the other monomer. A second helix (resi-GlcA67A is with the family 20 hexosaminidases such as
chitobiase (PDB code 1qba, 247 C-alphas match with due 493–515) follows and is the first helix of an antiparal-
lel 3-helical bundle. The remaining two antiparallel heli-rms of 3.5 A˚) and the human -N-acetylhexosaminidase
(1hp4, 229 C-alphas with an rms of 3.9 A˚), as had also ces of the bundles (residues 608–633 and 638–671) are
connected by a short turn near the N terminus. Thebeen observed for the N-terminal domains. Close, but
lesser, structural similarity is also observed with family last residues, 672–712, fold as one short helix (residues
687–694) inserted at the interface of the two monomersGH5 enzymes, including -mannanases and endogluca-
nases and family GH14 -amylases. The similarity with and forming a short cap adjacent to the catalytic pocket
of the monomer.family 20 enzymes is intriguing since they are retaining
Table 2. Data and Structure Quality Statistics for Both Native P. cellulosa GlcA67A and Its Ligand Complexes
Native X2 GlcA X3/GlcA
Data
Radiation source ESRF, ID14-2 Cu K Cu K Cu K
Wavelength (A˚) 0.93 1.54 1.54 1.54
Unit cell parameters 69.9 74.7 87.6 69.6 74.6 87.5 69.7 74.9 87.5 69.3 74.3 87.3
115.2 93.1 109.3 115.2 93.1 109.2 115.3 93.1 109.2 115.2 93.0 109.2
Resolution (A˚) 20.0–1.48 20.0–1.90 20.0–1.90 20.0–1.67
(1.56–1.48) (1.93–1.90) (1.93–1.90) (1.70–1.67)
Unique reflections 236,943 (32167) 108,980 (5331) 113,754 (5509) 149,092 (6204)
Completeness (%) 97.6 (90.4) 95.0 (93.4) 97.3 (94.1) 93.9 (86.4)
Rsym (%) 7.3 (34.5) 8.9 (39.7) 8.2 (35.3) 4.9 (22.5)
Multiplicity 4.2 (3.6) 2.5 (2.3) 2.5 (2.4) 2.7 (2.5)
I/I 7.1 (1.6) 9.4 (2.1) 9.8 (2.2) 15.7 (3.0)
Refinement
Rcryst (%) 13.3 17.2 15.2 16.0
Rfree (%) 16.8 22.0 18.6 17.7
Mean B factor 10.8 17.6 16.7 14.2
RMS on bond 0.016 0.015 0.016 0.017
distances (A˚)
RMS on bond 1.589 1.561 1.485 1.724
angles (o)
Residues 1414 1414 1414 1399
Water 1766 1385 1285 1422
Heteroatoms
Cobalt 8 8 8 8
Mg2	 2 0 0 0
Ethylene glycol 12 12 12 11
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Figure 3. Electrostatic Surface Representations of the Pseudomonas cellulosa -Glucuronidase and the Family 20 Chitobiase
(A) The “underside” of the GlcA67A dimer looking into the catalytic center. The negative potential contrasts markedly with the positively
charged surface of the N-terminal domain shown in the “topside” view (B). A side-on view of chitobiase (C) reveals a similar dipolar nature
to GlcA67A with a positive potential on the equivalent N-terminal domain and a similar negative potential by virtue of the catalytic center
carboxylates, additional domains only found in chitobiase are colored gray. This figure was prepared with GRASP [47].
Figure 4. Observed Electron Density for the
Complexes of GlcA67A
A. Glucuronic acid complex of GlcA67A.
B. Xylobiose. The reducing end of the xylobi-
ose displays both - and -anomers as a re-
sult of mutarotation.
C. Glucuronic acid with xylotriose (only the
well-ordered nonreducing end xylosyl moiety
of the xylotriose is shown). The O2 of xylose
and C1 of the glucuronate, which would be
bonded in the intact substrate, are labeled.
The maps shown are maximum-likelihood
weighted 2Fobs-Fcalc syntheses contoured
at a level of approximately 0.5 electrons /A˚3 in
divergent (wall-eyed) stereo and were drawn
with BOBSCRIPT [46].
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Figure 5. Schematic Representation of Some
of the Recognition Elements in Glucuronate
and Xyloside Binding Discussed in the Text
Trp543, which forms a hydrophobic base for
xyloside binding, is disordered in the native
structure and becomes ordered upon ligand
binding.
A striking feature of the structural similarity with family in 29]. In order to elucidate the catalytic machinery of
GlcA67A, as well as investigating the structural basis20 hexosaminidases is that not only are both the
N-terminal  sandwich domain and the catalytic domain for specificity for the nonreducing end of short xylooligo-
saccharide substrates, a series of complexes structuresextremely similar to those found in Glc67A but also their
relative position to one another is identical. Maintenance of GlcA67A were elucidated.
Cocrystallization of GlcA67A with glucuronic acid, aor acquisition of this domain through evolution may
therefore be indicative of a common role for the product analog (Figure 4A), reveals a binding site within
a deep, partially hydrophobic pocket in the enzyme sur-N-terminal domain. Analysis of the electrostatic surface
of both enzymes (Figure 3) reveals a strongly dipolar face. Arg325, Lys288, and Lys360 provide exquisite rec-
ognition elements for the substrate carboxylate moiety,surface. While the cluster of carboxylates in the active
centers of both enzymes manifests itself as a strongly while the sugar face forms a tight hydrophobic “stack-
ing” with Trp160. In place of the 4-O-methyl substituentnegative potential, the N-terminal domains of both chi-
tobiase and GlcA67A display a strongly positive poten- of the natural ligand, glucuronate instead presents a
4-hydroxyl group whose oxygen accepts a hydrogential by virtue of the arginine and lysine residues lining
their outer surface. It is tempting to speculate that this bond from Lys288. O4 lies in a hydrophobic sheath
flanked by Trp160 and Val210. We presume that thispositive surface serves as a membrane-associating do-
main for both enzymes, reflecting their secretion through hydrophobic pocket would accommodate the additional
4-O-methyl group of the natural substrate. The 2 and 3the periplasm [26] and subsequent membrane locations
[14, 27]. hydroxyls make hydrogen bonds to Glu168 and Arg169.
The O2 hydroxyl interacts additionally with the OE2 atom
of the putative catalytic base, Glu292 (below). Glucuro-The Active Center of GlcA67A: Reaction
Mechanism and Substrate Specificity nate displays the relaxed 4C1 chair conformation and is
found entirely as its -anomer, mimicking the productThe-glucuronidases in family GH67 hydrolyze the-1,2
glycosidic bond that links the 4-O-methyl-glucuronic of the inverting attack on an -glycoside substrate (Fig-
ure 5). The inversion mechanism demands the presenceacid substituent to the xylan backbone (Figure 1). We
demonstrated that the P. cellulosa enzyme hydrolyzes of a catalytic base to activate the water molecule for
nucleophilic attack at the anomeric center. In GlcA67A,glucuronides located at the nonreducing end of short
oligosaccharides (Table 1). Catalysis is known to occur two candidate bases are found in appropriate position
on the “ face” of the sugar, Asp365 and Glu393, andwith inversion of the configuration of the anomeric car-
bon [9] of the glucuronide via an SN2-like single displace- these are discussed further below.
The complexes of GlcA67A with either xylobiose (Fig-ment mechanism, in which a water molecule attacks the
anomeric center concomitant with leaving-group depar- ure 4B) or with both xylotriose and glucuronate (Figure
4C) reveal the binding site for the xylooligosaccharideture, essentially as proposed by Koshland in 1953 [28].
Such a mechanism requires a minimum of two essential chain. The nonreducing end of the xylobioside is located
deep within the catalytic depression. Arg336 and Tyr329catalytic residues involved in proton flight: an acid to
protonate the glycosidic oxygen and thus enhance leav- enclose the nonreducing end of the xylooligosaccharide
chain, with Arg336 making hydrogen bonds to the O4ing-group departure and a Brønsted base to activate a
water molecule for nucleophilic attack at C1 [reviewed and O3 hydroxyls of the terminal xyloside (Figure 5).
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Figure 6. Surface Representation of the
GlcA67A Active Center
The glucuronate and the nonreducing end xy-
losyl moiety are shown in licorice representa-
tion. The surface of Trp543, which acts as a
drawbridge moving “up” to form a hydropho-
bic base for xyloside binding, is shown in
cyan, and the residues from 700–705, which
move to accommodate xylooligosaccharides
longer then xylobiose, in red. The figure was
made with GRASP [47].
His521 forms an additional hydrogen bond with O4, pro- the C-terminal segment from residues 703–705, which
caps the active-center pocket at the reducing end of theviding further specificity for the nonreducing end.
Trp543 forms a hydrophobic platform for the nonreduc- xylobioside substrate, becomes disordered to permit
binding of longer substrates such as the xylotrioside.ing end xyloside, discussed further below. The O2 atom
of the nonreducing end xyloside lies within van der This disorder induced by longer substrates is reflected in
the increased mobility of the xylooligosaccharide chainWaals’ distance (3.6 A˚) of the C1 atom of the glucuro-
nate, to which it is bonded in intact substrate. The bind- itself; in the glucuronate/xylotriose complex, all the xylo-
sides except that at the extreme nonreducing end areing of xylooligosaccharides with their nonreducing end
completely enclosed within the active center clearly ex- highly disordered. GlcA67A, therefore, provides a topog-
raphy that is totally specific for substituents at the nonre-plains the specificity of the P. cellulosa enzyme for short
xylooligosaccharides substituted with glucuronate at ducing end, but which may only accommodate longer
oligosaccharides following a small conformationalthe nonreducing end.
The deep active site pocket topography, with glucuro- change in the C-terminal domain.
nate at its apex (Figure 6), implies an ordered release
of products in which the xylooligosaccharide product The Catalytic Apparatus of GlcA67A
and the Inverting Mechanismmust depart prior to glucuronate release. Furthermore,
both glucuronate and xylooligosaccharide binding is ac- The complexes with xylooligosaccharides reveal a third
active center carboxylate, Glu292. The OE2 carboxylatecompanied by a significant decrease in mobility of the
side chain of Trp543, a residue completely disordered oxygen hydrogen bonds to the O2 atom of the nonreduc-
ing end xylosyl moiety at a distance of 2.6 A˚ (Figure 5).in the native enzyme. This reduction in motion is also
observed in the side chain of Arg540, whose guanadi- This, coupled to the absence of any other candidate
acids in the vicinity of O2, strongly suggests that Glu292nium group forms a close aromatic stacking interaction
“below” the indole of the tryptophan. While the side acts as the catalytic acid in the reaction mechanism,
donating a proton to O2 to aid departure of the xylooligo-chain of Trp543 forms a hydrophobic platform for the
nonreducing end xylosyl unit upon xyloligosaccharide saccharide in the inversion mechanism (Figure 7). The
critical nature of Glu292 for catalysis is reflected inbinding (Figures 4C and 6), it is unclear why this residue
also becomes more ordered upon glucuronate binding, the 
106-fold reduction in catalysis when this residue
is substituted with either alanine or cysteine (Table 3).some 8–10 A˚ distant. It is interesting to note, however,
that calorimetric studies on the related enzyme from B. The absolute sequence conservation of the carboxylate
triad of Glu292, Asp 365, and Glu393 in glycoside hy-stearothermophilus reveal that the binding of glucuro-
nate increases the affinity of the enzyme for xylooligo- drolase family GH67 allows us to formulate a canonical
reaction mechanism for family GH67 enzymes.saccharides [13], consistent with the structural manifes-
tations observed here. An additional feature, apparent We propose that Glu292 functions as the catalytic
acid but, as with other families of inverting glycosidefrom the comparison of the xylobiose complex with the
cocomplex with both glucuronate and xylotriose, is that hydrolase [for example, 30], assignment of the catalytic
Figure 7. Canonical Inverting Reaction Mech-
anism for Family 67 -glucuronidases
Glu292 (P. cellulosa numbering) acts as the
catalytic acid providing protonic assistance
to leaving-group (xyloside) departure, while
Glu393 or Asp365 provide general base assis-
tance by activating a water molecule through
deprotonation for direct nucleophilic attack
at C1.
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xylanase action but rather to complete the hydrolysisTable 3. Catalytic Activity of Mutants of GlcA67A
of short glucuronoxylooligosaccharides following the
Relative
action of endoxylanases. This is consistent with a mem-Enzyme kcat/Km (s1 M1)a Activityb
brane location for the enzyme, and we would expect
Wild type 131 1 subsequent hydrolysis of the xylooligosaccharides by
D365A 104c 106
a cell-associated xylosidase, liberating xylose andD365C 104 106
glucuronic acid for the pseudomonad. It is interestingE292A 104 106
to note that the primary arabinofuranosidase (Abf51A)E292C 104 106
E393A 104 106 of P. cellulosa is also located on the outer membrane
E393C 29 0.22 of the bacterium [31] and may play a similar role in the
hydrolysis of side chain substituents on short sub-a The catalytic activity of all the enzymes was determined using
aldobiouronic acid as substrate. strates. Thus, a picture of how P. cellulosa hydrolyzes
b The activity of the mutants was relative to the wild-type enzyme decorated xylans is beginning to emerge. The polysac-
whose catalytic efficiency was defined as 1. charides are initially cleaved by xylanases into substi-
c For catalytic efficiency values 104 s1 M1, no catalytic activity tuted xylooligosaccharides, and enzymes associated
was observed in assays that are capable of detecting a catalytic
with the bacterial surface then remove the side chainsrate of 6  104 moles of product/mole of enzyme/second.
of these oligomers in the close vicinity of the pseudomo-
nad, allowing preferential metabolism of the liberated
sugars by the organism itself. The observation that GlcA67A
demonstrates similar activity against substrates con-
base is more ambiguous. Both Asp365 and Glu393 lie taining one, two, or three xylose residues indicates that
on the appropriate face of the glucuronide to facilitate the enzyme is likely to interact profitably only with the
nucleophilic attack by water at C1. The carboxylates of 4-methyl-O-glucuronic acid and the aglycone xyloside
both Asp365 and Glu393 hydrogen bond to the -linked that participates in the target glycosidic bond. The cata-
O1 hydroxyl of the glucuronide with distances around lytic center reveals three enzymatic carboxylates in
2.6 A˚, and either could potentially activate a water in the which Glu292 is likely to act as the Brønsted acid in
single-displacement mechanism. Mutation of Asp365 to the inverting mechanism. Either Asp365 or Glu393 must
either alanine or cysteine results in complete loss of provide Brønsted base catalytic assistance to nucleo-
activity, as does the mutation of Glu393 to alanine. The philic attack by water. The exact nature of the base
E393C mutant, however, retains 20% of the catalytic catalytic assistance remains unknown, but we tenta-
activity of the wild-type enzyme. It is tempting to specu- tively propose that Asp365 fulfils this function. Further
late that Asp365 is therefore more important for catalytic experiments harnessing the binding of putative transi-
activity and thus, by inference, plays the role of catalytic tion state mimics and the structure of inactive enzyme-
base. This proposal must be treated with some caution; substrate complexes are currently in progress to answer
the equivalent Glu→Cys substitution in the Bacillus the unresolved questions.
stearothermophilus family GH67 -glucuronidase re-
sults in a much more substantial decrease in catalytic Experimental Procedures
activity [13] than observed here, and it may well be
possible that mutation of one of the carboxylates of the Bacterial Strains, Plasmids, and Culture Conditions
The Escherichia coli strains used in this study were TUNER (DE3)Asp365/Glu393 pair influences the position and pKa of
obtained from Novagen and the methionine auxotroph B834 (DE3).the other, making interpretation of site-directed muta-
The plasmid employed in this work, pTN1, was a recombinant ofgenesis data highly ambiguous.
the expression vector pET32c containing glca67a, which encodes
the mature form of P. cellulosa -glucuronidase fused to the
C terminus of (His)10-thioredoxin [14]. To produce recombinantBiological Implications
-glucuronidase, E. coli TUNER (DE3) harboring pTN1 was cultured
to midexponential phase (A550, 0.5) in Luria broth containing 50 g/The biological degradation of xylan, a major component
ml ampicillin at 30C. Isopropylthio--D-galactopyranoside (IPTG)
of plant cell walls, is integral to the recycling of photo- was then added to a final concentration of 500 M, and the cultures
synthetically fixed carbon and is therefore of profound were incubated for a further 4 hr at 30C.
biological and industrial importance. Although the struc-
tural basis for the catalytic activity of xylanases is well Recombinant DNA Techniques
The nucleotide sequence of DNA was determined using an ABI Prismdocumented, knowledge of the enzymes that remove
Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit. The se-the sugar decorations is limited. The 3D structure and
quencing reactions were electrophoresed, and the fluorescent signalsbiochemical properties of the -glucuronidase from P.
emitted by the DNA molecules were detected using an Applied Biosys-cellulosa, GlcA67A, reveal an enzyme with kinetic and
tems 377A Sequencing System. Site-directed mutagenesis of glca67A
structural requirements for glucuronic-acid substitu- was carried out using the Quik Change kit (Stratgene, La Jolla, CA)
tions at the O2 of the nonreducing end of short glucuro- employing the following primers: D365C, 5-TGGCCCGATTTGCTTC
CAGCCGCGTGAAC-3 and 5-GTTCACGCGGCTGGAAGCAAATCnoxylooligosacchairdes. A deep pocket provides recog-
GGGCCA-3; E393C, 5-CAAATTACCCAGTGCTATTTCGGGTTTnition elements for both the 4-O-methyl and carboxylate
GCG-3 and 5-CGCAAACCCGAAATAGCACTGGGTAATTTG-3;substituents that characterize the glucuronide while the
E292C, 5-GGCTGATTCTGCGGGGCAACCCGGC-3 and 5-GCCGGtopography of this site demands that only the nonreduc-
GTTGCCCCGCAGAATCAGCC-3; D365A, 5-GGCCCGATTTGCTTC
ing end of substituted substrates is accommodated. CAGCCGCGTGAACCC-3 and 5-GGGTTCACGCGGCTGGAAG
The primary function of the enzyme is not, therefore, to CAAATCGGGCC-3; E292A, 5-GGCTGATTCTGCGGGGCAACCC
GGC-3 and 5-GCCGGGTTGCCCCGCAGAATCAGCC-3; E393A,remove the side chains of decorated xylans to facilitate
Structure
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5-CCAAATTACCCAGGCGTATTTCGGGTTTGCG-3 and 5-CGCAA Structure Solution and Refinement
Selenium positions form the SAD experimental data were deter-ACCCGAAATACGCCTGGGTAATTTGG-3.
mined using SnB Version 2.1 [39] with data in the resolution range
20.0 A˚ and 2.3 A˚. 28 sites, out of the 34 present in two moleculesPurification of Protein and Enzyme Assays
of Se-GlcA67A, were determined. Refinement and phase calculationWild-type and mutant forms of GlcA67A were purified as described
was performed with SHARP, [40] incorporating both the single opti-by Nagy and coworkers [14]. To measure -glucuronidase activity,
mized wavelength selenomethionyl and native data. After solventcolorimetric [11] and HPLC assays were used. The standard colori-
flattening using SOLOMON [41], ARP-WARP [42, 43] with the warpN-metric assay comprised 1 mM substrate in 100 mM sodium maleate
trace option was run to build automatically and assign the sequencebuffer (pH 6.3). Enzyme was added, and the reaction (100 l), which
of the two molecules in the asymmetric unit. This final solution waswas incubated at 37C for various times, was terminated by the
further refined with REFMAC [44] and manually corrected using theaddition of 400 l of copper reagent [11] and boiling for 10 min. The
X-AUTOFIT option within QUANTA (Accelerys Inc., San Diego, CA).samples were chilled on ice, 250 l arsenomolybdate reagent [11]
Water molecules were added automatically using ARP-wARP andwas added, and the absorbance at 710 nm was determined. The
inspected visually prior to deposition. Only those molecules that hadamount of product was quantified from a standard curve comprising
good spherical electron density, reasonable B factors, and hydrogenglucuronic acid incubated with the copper and arsenomolybdate
bond partners with appropriate geometry were retained in thereagents. In the HPLC method, glucuronoxylooligosaccharides (1
model.mM standard substrate concentration) were incubated with enzyme
in 50 mM sodium phosphate/12 mM citrate buffer (pH 6.5) for various
times in a total volume of 1.2 ml at 37C. At regular intervals, 300 Ligand Complexes
l aliquots were removed, boiled for 10 min to stop the reaction, Diffraction data of the three complexes (glucuronic acid, xylobiose,
and subjected to HPLC as described previously using a Carbopac and glucuronate/xylotriose) were collected. Crystals were flash fro-
100 column [32]. The xylooligosaccharide products released by the zen and maintained at 110 K with an Oxford Cryosystem. The xylobi-
enzyme were detected using a pulsed amperometric detector [33]. ose complex was recorded on a 300 mm MARResearch (Hamburg,
The substrates used in these assays were as follows: aldobiouro- Germany) Imaging Plate detector fitted on rotating anode generator
nic, aldotriouronic, aldotetraouronic, and aldopentaouronic acids Rigaku RU200 equipped with an MSC/Rigaku Yale focusing mirrors.
(Megazyme International, Eire). The oligosaccharides were used in Both the glucuronate and the glucuronate/xylotriose complexes
both assays, while glucuronoxylan and hydrolyzed glucuronoxylan were collected on a 345 mm MARResearch Imaging Plate mounted
were only employed in the colorimetric assay. To generate hydro- on a Rigaku (The Woodlands, Texas) H3RHB X-ray generator fitted
lyzed glucuronoxylan, a 2% (w/v) solution of the polysaccharide in with Osmics confocal multilayer optics. Complexes’ diffraction data
50 mM Tris/HCl buffer (pH 8.0) at 37C was incubated with 100 units were processed with programs from the HKL suite [37]. All com-
of P. cellulosa Xyn10A in a 2 ml reaction volume for up to 6 hr. plexes were isomorphous with the native GlcA67A and were there-
fore refined with REFMAC using the native GlcA67A as the starting
Se-Met Production model and maintaining the same cross-validation reflections.
The growth conditions used to produce seleno-L-methionine-con-
taining GlcA67A were as described previously [34], except IPTG (0.5
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